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Association of CNK1 with Rho Guanine
Nucleotide Exchange Factors Controls
Signaling Specificity Downstream of Rho
issue of how signaling specificity is achieved. Many of
the cellular effects of Rho GTPases have been identified
through the introduction of mutated, constitutively acti-
vated versions of the GTPase into cells. For example,
constitutively activated Rac potently induces both actin
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Department of Biochemistry polymerization and JNK MAP kinase activation when
introduced intomouse fibroblasts [6]. However, stimula-University College London
London WC1E 6BT tion of Rac by upstream activators, such as phosphati-
dylinositol 3-kinase, leads to actin polymerization, butUnited Kingdom
not JNK kinase activation [7]. Similarly, in yeast, activa-
tion of Rho1 by TOR2, via the GEF ROM2, results in
actin cytoskeletal rearrangement, but not cell wall syn-Summary
thesis [8].
One general way to control signaling specificity, firstBackground: Rho is a small GTPase that controls signal
transduction pathways in response to a large number identified in yeast but later in mammalian cells, is
through scaffold proteins. The first clear demonstrationof extracellular stimuli. With over 15 potential Rho target
proteins identified to date, however, it is not clear how of this was the Ste5 scaffold protein, which assembles
the MAPKKK, MAPKK, and MAPK of the yeast matingdistinct signaling outputs can be generated downstream
of a particular stimulus. pathway to facilitate specific activation of the MAPK in
response to pheromone stimulation [9]. More recently,Results: Several of the known Rho targets are structur-
ally reminiscent of scaffold proteins, which are generally theRac-specificGEF, Tiam1, has been shown to interact
with two different scaffold proteins, JIP2 and spinophi-thought to play an important role in controlling signaling
specificity. Here, we show that the Rho target CNK1 is a lin, which in coexpression studies at least, leads to spe-
cific activation of either p38MAPK or p70 S6 kinase,scaffold protein that interactswithNet1 or p115RhoGEF,
two Rho-specific guanine nucleotide exchange factors respectively [10, 11].
We recently identified CNK1 as a new target for Rho(GEFs), as well with MLK2 and MKK7, two of the kinase
components in the JNK MAP kinase cascade. CNK1 that shows all the hallmarks of being a scaffold protein,
having multiple protein:protein interaction domains.acts cooperatively with the two GEFs to activate JNK
MAP kinase, but not other Rho-mediated pathways. In Here, we have found that CNK1 specifically interacts
with two Rho-specific GEFs, Net1 and p115RhoGEF, asHeLa cells, serum or sphingosine-1-phosphate stimu-
late Rho-dependent activation of the JNK MAP kinase well as with MLK2 and MKK7, two upstream compo-
nents of the JNK MAP kinase cascade. CNK1 specifi-cascade, and this requires endogenous CNK1.
Conclusions: Weconclude that CNK1 couples a subset cally promotes Rho-dependent JNK activation, but not
other Rho-dependent pathways, when coexpressedof Rho exchange factors to activation of the JNK MAP
kinase pathway and that signaling specificity is achieved with either of the two Rho GEFs or with their upstream
activators. Finally, we show that activation of the JNKthrough complexes containing both upstreamactivators
and downstream targets of Rho. MAP kinase cascade in HeLa cells, after addition of
the agonists serum or sphingosine-1-phosphate, is both
Rho and CNK1 dependent.Introduction
Members of the Rho family of small GTPases regulate
Resultsa wide range of cellular effects, including the assembly
and organization of the actin andmicrotubule cytoskele-
CNK1 Associates with Rho-Specific GEFstons, gene transcription, cell cycle progression, and cel-
We previously showed that the Rho target protein,lular transformation [1, 2]. In response to extracellular
CNK1, can interact with another Rho target rhophilincues, Rho GTPases are stimulated to “switch” from an
[12]. To extend this observation and explore the possibil-inactive, GDP bound conformation to an active, GTP
ity that CNK1 acts as a scaffold protein, we looked forbound conformation through the action of guanine nu-
possible interactions with Rho-specific GEFs. Expres-cleotide exchange factors (GEFs) [3, 4]. A cellular re-
sion vectors for FLAG-epitope-tagged CNK1 and myc-sponse is subsequently generated through the interac-
epitope-tagged GEFs were cotransfected into HeLation of target proteins, or “effectors,” with the GTP
cells and CNK1 was immunoprecipitated. As shown inbound (active) form of the GTPase [5].
Figure 1A, CNK1 coimmunoprecipitates with two Rho-More than 60GEFs for RhoGTPases have been identi-
specific GEFs, Net1, and p115RhoGEF, although wefied in the humangenome [4], andover 50 target proteins
cannot detect an interaction with another Rho-specifichave been isolated for Rho, Rac, and Cdc42, the three
GEF Lbc or with the Cdc42 GEF cDEP.best studied members of the Rho family. This raises the
To characterize further these biochemical interac-
tions, we tested the ability of CNK1 to interact with*Correspondence: a.schmidt@ucl.ac.uk
1These authors contributed equally to this work. various regions of the two GEFs (Figure 1B and data
Current Biology
406
Figure 1. CNK1 Interacts with a Subset of RhoGEFs
(A) Immunoprecipitation of extracts from HeLa cells expressing myc-tagged cDEP, Net1N, p115RhoGEF, Lbc, rhophilin, or empty vector
together with FLAG-tagged CNK1. Expression of the transfected constructs was monitored by Western blotting with anti-myc or anti-FLAG
antibodies.
(B) p115RhoGEF constructs used to determine the region(s) binding to CNK1.
(C) Immunoprecipitation of extracts from HeLa cells expressing the indicated myc-tagged p115RhoGEF constructs or empty vector together
with FLAG-tagged CNK1. Expression of the transfected constructs was monitored by Western blotting with anti-myc or anti-FLAG antibodies.
not shown). CNK1 can be immunoprecipitated with a observed an enhancement of JNK phosphorylation as
well as an increase in total c-jun protein levels (Figurefragment containing just the DH/PH domains of
p115RhoGEF or Net1 (Figure 1C and data not shown). 2E), both of which reflect increased signaling via the
JNKMAPK pathway [14]. Moreover, c-Jun phosphoryla-Interestingly, the N-terminal RGS domain of p115Rho-
GEF can also be immunoprecipitated with CNK1, sug- tion in response to CNK1-GEF coexpression was
blocked by the JNK inhibitor SB600125 (data not shown).gesting multiple interaction interfaces, at least for this
GEF. These interaction data raise the possibility that CNK1expressiondid notmodifyRac-inducedactin rear-
rangements or SRF activation (data not shown).CNK1 may influence Rho-dependent signaling in re-
sponse to stimuli, which activate these particular Rho The cooperation seen between CNK1 and Net1N/
p115RhoGEF requires activation of Rho because mu-GEFs.
tants of these GEFs, which have no Rho exchange activ-
ity, did not induce c-Jun phosphorylation (data notCNK1 Influences Signaling Downstream
of Rho-Specific GEFs shown and Figure 3A), although they still interacted with
CNK1 in coimmunoprecipitation experiments (data notTo understand the potential functional significance of
the CNK1-RhoGEF interactions, we examined how shown). Furthermore, CNK1 synergized with constitu-
tively active Rho (L63Rho) to enhance c-Jun phosphory-CNK1 can influence signaling downstream of these two
RhoGEFs. An activated form of Net1, Net1N, or lation (Figure 3B), suggesting that although CNK1 binds
upstream activators of Rho, it also acts downstream ofp115RhoGEF were transfected into HeLa cells with or
without CNK1 and three Rho-dependent signaling path- Rho to promote c-Jun phosphorylation. A mutant of
CNK1 (CNK1 W493A), which can no longer bind to Rhoways examined: (1) stress fiber formation (Figure 2C);
(2) SRF activation (Figure 2D); and (3) JNK activation, [12], is still able to synergize with Net1N or p115RhoGEF
(Figure 3C). Together, these data indicate that CNK1as assayed by c-Jun phosphorylation (Figures 2E and
2F). CNK1 did not influence Rho-GTP levels when ex- specifically biases signaling downstreamof Net1N and
p115RhoGEF toward JNK activation and subsequentpressed alone or together with p115RhoGEF or Net1N
(Figures 2A and 2B). However, CNK1 blocked both phosphorylation of c-Jun.
stress-fiber formation (Figure 2C) and SRF activation
(Figure 2D) induced by either Net1N or p115RhoGEF, CNK1 Binds to Multiple Components of the JNK
Signal Transduction Cascadesimilar to the effect of CNK1 on L63Rho-induced stress
fibers or SRF, which we have previously reported [12]. We next examined how CNK1 is able to bias signaling
downstream of Rho. To examine whether CNK1 canIn contrast, CNK1 cooperated synergistically with either
Net1N or p115RhoGEF to enhance the phosphoryla- associate with components of the JNK signaling cas-
cade,wecarried out cotransfection experiments inHeLation and activation of c-Jun at serine 63 (Figures 2E and
2F) and serine 73 (data not shown) [13]. In addition to cells. We found that CNK1 interacts with MLK2 and
MLK3, two members of the MAP kinase kinase kinasesenhancedphosphorylationof c-Jun in response to coex-
pression of CNK1 and Net1N or p115RhoGEF, we also (MAPKKKs) family, andwithMKK7, aMAP kinase kinase
hCNK1 Biases Signaling Downstream of RhoGEFs
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Figure 2. CNK1 Biases Signaling Downstream of Net1N/p115RhoGEF, Leading to Phosphorylation of c-Jun
(A and B) HeLa cells transfected with the indicated epitope-tagged expression plasmids were lysed and analyzed for levels of GTP bound
(active) Rho, total Rho, or myc-tagged expression constructs.
(C) HeLa cells transfected with the indicated epitope-tagged expression plasmids were fixed and analyzed for the formation of stress fibers.
Data are expressed as means  standard deviations for at least three experiments, in which a minimum of 50 expressing cells were counted
per experiment.
(D) HeLa cells transfected with pSRE-luc, together with myc-tagged expression plasmids encoding the indicated proteins, were harvested
and subject to a luciferase assay. Luciferase activity is expressed as fold activation, relative to the basal activity in the presence of empty
vector, which is set at 1. All constructs were analyzed in at least three independent experiments, each performed in triplicate. Shown is a
representative experiment performed in triplicate.
(E and F) HeLa cells expressing the indicated myc-tagged expression plasmids were lysed and analyzed for levels of phosphorylated serine
63 c-Jun, myc-tagged expression constructs, and tubulin. Cell extracts in (F) were also analyzed for levels of phosphorylated JNK, total JNK,
and total c-Jun levels. The quantitation shown in (E) is the levels of phosphorylated serine 63 c-Jun, normalized to levels of tubulin protein.
Shown is the average  standard deviation for at least three experiments. Student’s t test (one tailed, paired): asterisk, p  0.05.
(MAPKK) [15] (Figure 4A and data not shown). Expres- lished data). Inhibition of MLK completely blocked the
ability of L63Rho (Figure 4E) or p115RhoGEF (Figure 4F)sion of MLK2 or MLK3 with CNK1 resulted in a mobility
shift of the CNK1 protein (Figure 4A, lane 2 and data to stimulate c-Jun phosphorylation, whereas inhibition
of Rac, which has been shown to bind and activate MLKnot shown), possibly because of MLK-induced phos-
phorylation. Interestingly, we did not detect an interac- [18], by expressing dominant-negative (N17) Rac had
no effect (Figures 4E and 4F), indicating that MLK is antion between CNK1 and MKK4, the other MAPKK in the
JNK pathway. To examine whether CNK1 can act as a essential component of the pathway leading to JNK
activation downstream of Rho.bona fide scaffold, we tested its ability to biochemically
couple components of Rho GTPase and JNK MAP ki-
nase signaling pathways. We found that expression of CNK1 Is Required for Agonist-Induced
c-Jun PhosphorylationCNK1 in cells results in the ability of p115RhoGEF to
coimmunoprecipitate with MKK7 (Figure 4B), indicating To examine the role of endogenous CNK1 in HeLa cells,
we isolated a stable cell line, in which CNK1 levels havethat CNK1 can act as a “bridge” between upstream and
downstream components, thereby coupling Rho signal- been significantly reduced through expression of an
siRNA (HeLa.sihCNK1) [12]. Transfection of these cellsing to the JNK MAP kinase cascade. Using various sub-
fragments of CNK1, we are able to show that MLK2 with L63Rho resulted in a reduced amount of c-Jun
phosphorylation, compared with wild-type HeLa cellsinteracts with the N-terminal CRIC domain both in vivo
(Figure 4C) and in vitro (Figure 4D), showing that this (Figure 5A), whereas the ability to form stress fibers was
unaffected [12]. A mutated version of CNK1 (CNK1*)interaction is direct.
To examine the functional relevance of this MAP ki- insensitive to the siRNA was coexpressed with the GEF
to confirm that this is specifically due toCNK1 depletion.nase cascade in the phosphorylation of c-Jun down-
stream of Rho, we used the MLK inhibitor, CEP-11004, As shown in Figure 5A, CNK1* rescued L63Rho-induced
c-Jun phosphorylation in HeLa.sihCNK1 cells. Transfec-which specifically blocks JNK activation by MLK, but
not other kinases [16, 17], and does not affect the ERK tion of HeLa.siCNK1 cells with p115RhoGEF also re-
sulted in a reduced amount of c-Jun phosphorylation,MAPK pathway in response to activated Ras (unpub-
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is coupled to JNK activation, but not stress fiber forma-
tion, through endogenous CNK1.
Previous studies have found that the two agonists,
LPA and sphingosine-1-phosphate (S1P), activate
p115RhoGEF in a G12/13 dependent manner [20, 21].
In agreement with this, both serum, which contains LPA,
and S1P stimulate phosphorylation of c-Jun in HeLa
cells, and this is blocked by expression of either domi-
nant-negative (N19) Rho or theRGSdomain of p115Rho-
GEF (which binds to and inhibits G12/13) (Figure 6A).
Moreover, the MLK inhibitor CEP-11004 blocks serum
or S1P-stimulated c-Jun phosphorylation (Figure 6B),
further illustrating the requirement for MLK activation in
this pathway. The effects of serum or S1P were exam-
ined in HeLa.sihCNK1 cells to determine whether CNK1
is required for this endogenous signaling pathway. As
shown in Figure 6C, c-Jun phosphorylation is severely
abrogated in HeLa.sihCNK1 cells (22.3%  9.4% and
30.7% 13.2%, relative to wild-type levels set to 100%
in response to serum and S1P, respectively), and this
is rescued by expression of CNK1*, though stress fiber
formation in HeLa.sihCNK1 cells is indistinguishable
from wild-type HeLa cells (data not shown).
Discussion
We report here that the Rho target protein CNK1 acts
as a scaffold protein in the JNK MAP kinase cascade.
It interacts with two Rho-specific GEFs, Net1 and
p115RhoGEF, but not with Lbc, another Rho-specific
exchange factor. It also interacts with members of the
MAPKKK family, MLK2 and MLK3, and with one of the
two MAPKKs that activate JNK, MKK7, suggesting that
CNK1 acts as scaffold protein to facilitate the Rho-
dependent activation of the JNK MAP kinase cascade.
In agreement with this, we have found that CNK1 can
form a complex with multiple components of this signal-
ing cascade and that activation of the JNK pathway in
HeLa cells by two agonists, serum and S1P, is Rho- and
CNK1-dependent, whereas activation of stress-fiber as-
sembly is Rho dependent but CNK1 independent. We
conclude from this that scaffold proteins likely play a
key role in defining signal transduction pathways down-
stream of Rho GTPases. Over a dozen potential target
Figure 3. CNK1 Biases Signaling in a Rho-Dependent Manner
proteins of Rho have been identified, and it is unclear
(A–C) HeLa cells expressing the indicated myc-tagged expression
how specificity in signaling is achieved. Our results sup-plasmids were lysed and analyzed for levels of phosphorylated ser-
port a mechanism in which upstream regulators of Rhoine 63 c-Jun, myc-tagged expression constructs, and tubulin.
GTPases influence the choice of downstream targets
by coupling through scaffold proteins.
One of the surprises in our experiments is that al-compared with wild-type HeLa cells (Figures 5B and
5D), although stress-fiber formation (Figure 5D) and Rho though CNK1 can interact directly with Rho.GTP and
JNK activation in HeLa cells is both Rho and CNK1activation (Figure 5E) occurred normally.
The two heterotrimeric G proteins, G12 and G13, have dependent, JNK activation does not require the interac-
tion of Rho with CNK1. It is clear, therefore, that therebeen shown to activate p115RhoGEF through a direct
interaction between their (GTP bound)  subunits and must be a Rho target protein that is essential for this
pathway and that it is likely to interact with the CNK1-the RGS domain of the exchange factor [19]. As ex-
pected, therefore, expression of a constitutively acti- containing scaffold complex. Interestingly, MLK2 and
MLK3, which bind to CNK1, have been shown to act asvated form of G12 leads to increased phosphorylation
of c-Jun; however, as shown in Figures 5C and 5D, direct targets for Rac and Cdc42 [15], by interacting
with the active forms of these small GTPases throughthis is lost in HeLa.sihCNK1 cells, whereas induction of
stress fibers (Figure 5D) occurs at similar levels in both a Cdc42/Rac interactive binding (CRIB) motif [18]. Al-
though we have not observed a direct interaction be-cell lines. This suggests that endogenous p115RhoGEF
hCNK1 Biases Signaling Downstream of RhoGEFs
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Figure 4. CNK1 Binds to Multiple Components of the JNK Signaling Pathway
(A) Immunoprecipitation of extracts from HeLa cells expressing myc-tagged p115RhoGEF, MLK2, MKK4, MKK7, rhophilin, or empty vector
together with FLAG-tagged CNK1. Expression of the transfected constructs was monitored by Western blotting with anti-myc or anti-FLAG
antibodies.
(B) Immunoprecipitation of extracts from HeLa cells expressing the indicated myc-tagged constructs, with or without FLAG-tagged p115Rho-
GEF. Expression of the transfected constructs was monitored by Western blotting with anti-myc or anti-FLAG antibodies.
(C) Immunoprecipitation of extracts from HeLa cells expressing the indicated FLAG-tagged CNK1 constructs or empty vector together with
myc-tagged MLK2. Expression of the transfected constructs was monitored by Western blotting with anti-myc or anti-FLAG antibodies.
(D) GST pull-down of 35S-labeled MLK2. GST-fusions, coupled to glutathione-Sepharose beads, of the indicated proteins were incubated with
in vitro-synthesized, 35S-labeled MLK2 and resolved by SDS-PAGE. Top, autoradiograph of a representative pull-down experiment. Bottom,
Coomassie blue-stained gel to visualize the indicated GST-fusion proteins.
(E and F) HeLa cells expressing the indicated myc-tagged expression plasmids were treated with MLK inhibitor or vehicle control, lysed, and
analyzed for levels of phosphorylated serine 63 c-Jun, myc-tagged expression constructs, and tubulin.
tweenMLK and active Rho (A.B.J. and A.S., unpublished required for SRF activation downstream of Rho [12].
Here, we have shown that expression of CNK1, togetherdata), our results indicate that MLK activity is required
downstream of Rho to lead to c-Jun phosphorylation. with two Rho-specific GEFs, promotes JNK activation.
These two different effects by CNK1 overexpression canImportantly, although others have shown that, at least
in some cases, Rho can activate Rac [22] and Rac can be explained by different cellular levels of various CNK1
binding proteins, such that factors involved in SRF acti-bind and activate MLK [18], we have found that Rho,
RhoGEF, and agonist-mediated c-Jun phosphorylation vation may be more easily titrated by overexpression of
the CNK1 scaffold than those involved in JNK activationoccur in a Rac-independent manner. Recently, Rho ki-
nase, a direct target of Rho, has been implicated in [24]. Interestingly, we have also found that CNK1 can
cooperate with active Rac to increase JNK activationsignaling from Rho to JNK in NIH3T3 fibroblasts [23],
raising the possibility that this could link Rho to MLK. (A.B.J. and A.S., unpublished data). Other MAPK scaf-
folds, such as JIP1, have been shown to interact withHowever, we have not seen a correlation between Rho
kinase activity and c-Jun phosphorylation (A.B.J. and both Rho and Rac GEFs [10, 25], raising the possibility
that CNK1 may couple other GEFs to the JNK MAPKA.S., unpublished data), which may reflect the different
cell type used in our studies. pathway.
The finding that CNK1 is necessary for JNK activationOur previous work implicated CNK1 as a Rho effector
involved in SRF activation. We found that overexpres- downstream of Rho activation has several implications.
First, it might be expected that cells lackingCNK1wouldsion of CNK1 W493A, which cannot bind to Rho, or two
different fragments of CNK1blockedRho-mediatedSRF not exhibit a Rho-dependent JNK MAP kinase cascade.
In agreement with this, our preliminary data show thatactivation, presumably by titrating away cellular factors
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Figure 5. CNK1 Is Required for Rho-Induced Jun Phosphorylation
(A) HeLa and HeLa.sihCNK1 cells (CNK RNAi) were transfected with empty vector or L63Rho, with or without myc-tagged CNK1 rescue
construct (CNK*), lysed, and analyzed for levels of phosphorylated serine 63 c-Jun, myc-tagged expression constructs, and tubulin.
(B) HeLa and HeLa.sihCNK1 cells (CNK RNAi) were transfected with empty vector or p115RhoGEF, with or without myc-tagged CNK1 rescue
construct (CNK*), lysed, and analyzed for levels of phosphorylated serine 63 c-Jun, myc-tagged expression constructs, and tubulin.
(C) HeLa and HeLa.sihCNK1 cells (CNK RNAi) were transfected with empty vector or constitutively active G12, with or without myc-tagged
CNK1 rescue construct (CNK*), lysed, and analyzed for levels of phosphorylated serine 63 c-Jun, myc-tagged expression constructs, G12,
and tubulin.
(D) Quantitation of the effect of CNK RNAi on the induction of stress fibers and the levels of phosphorylated serine 63 c-Jun, in response to
p115RhoGEF or activated G12 expression. Data is represented as the percentage relative to wild-type HeLa cells, which is set to 100%.
Shown is the average  standard deviation for at least three experiments. Student’s t test (one tailed, paired): asterisk, p  0.001; double
asterisk, p  0.01.
(E) HeLa cells transfected with the indicated epitope-tagged expression plasmids were lysed and analyzed for levels of GTP bound (active)
Rho, total Rho, or myc-tagged expression constructs.
S1P only weakly activates JNK in NIH3T3 fibroblasts, to activation of the JNK MAP kinase pathway. CNK1 is
where we have been unable to detect CNK protein, but also necessary for agonist-inducedactivation of the JNK
it can stimulate JNK activation after expression of CNK1 MAP kinase pathway. Our data indicate that the CNK1
(A.B.J. and A.S., unpublished data). This suggests that scaffold-mediated signaling specificity is achieved
the presence or absence of CNK1 and its associated through complexes containing both upstreamactivators
exchange factors (Net1/p115RhoGEF) may determine and downstream targets of Rho.
whether or not a cell activates JNK in response to Rho
activation.
Experimental ProceduresSecond, an asymmetric distribution of scaffoldswithin
a cell could ensure the selective, localized activation Plasmids and Antibodies
of Rho signaling pathways. This could be particularly All p115RhoGEF deletion, truncation, and mutant constructs were
important in migrating cells, where Rho pathways may made by PCR or restriction digestions through standard methods.
Epitope-tagged cDep and Lbc were made by PCR with the ESTneed to be compartmentalized to maintain a functional
AL537488 and pSRNeo::Lbc (from D. Toksoz) as templates, re-state. For example, scaffolds such as CNK1 may be a
spectively. The CNK1 rescue construct was made by creating threeway in which a cell can ensure that Rho activation at
silent mutations within the region targeted by the CNK1 RNAi, whichthe front of a migrating cell results in activation of only
has been previously described [12]. The other CNK1, Net1, MLK,
a subset of signaling pathways, such as JNK, but not MKK4, and Rho constructs used in this study have been described
stress-fiber formation. In conclusion, we imagine that previously. The pCS3  MT-MKK7 plasmid was kindly provided by
specificity in Rho GTPase signaling pathways involves P. Holland, and the active G12 expression plasmid was obtained
from the Guthrie cDNA Resource Center. The anti-myc 9E10 anti-complexes containing both upstream activators and
body was a gift from S. Moss (University of Pennsylvania), and thedownstream targets held together by specialized scaf-
c-Jun antibody was a gift from P. Cohen (University of Dundee).fold proteins.
Commercial antibodies used were: mouse anti-FLAG M2 (Sigma),
mouse anti-hCNK1 (Transduction Laboratories), rabbit anti-JNK
Conclusions (Cell Signaling), Rabbit anti-phospho threonine 183 JNK (Abcam),
CNK1 is a scaffold that is necessary and sufficient for rat anti- tubulin (Serotec), mouse anti-phospho serine 63 c-Jun,
mouse anti-Rho, and rabbit anti-G12 (Santa Cruz Biotechnology).biasing signaling from a subset of Rho exchange factors
hCNK1 Biases Signaling Downstream of RhoGEFs
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HCl [pH 8], 137 mM NaCl, 10% glycerol, 1% Nonidet P-40, 1 mM
PMSF, and protease inhibitor cocktail tablet [Roche]). Cell debris
was pelleted by centrifugation at 14,000 rpm for 10 min at 4C, and
lysates were incubated for 1 hr at 4C with specific antibodies.
Protein G-Sepharose was added, and the lysates were incubated
for a further 1 hr at 4C. Immunoprecipitates were collected by
centrifugation and extensively washed in Nonidet P-40 buffer con-
taining 250–500 mMNaCl. Immunoprecipitated proteins were eluted
with SDS-sample buffer and analyzed by SDS-PAGE and Western
blotting.
Preparation of Cell Extracts for Analyzing
Phosphorylated c-Jun Levels
For cooperation experiments, cells transfected with the appropri-
ate constructs were washed with PBS, lysed in 150 l of phospho
c-Jun lysis buffer (20 mM Tris/HCl [pH 7.5], 100 mM NaCl, 1% Triton
X-100, 12 mM -glycerophosphate, 5 mM EGTA, 0.5% deoxycho-
late, 1 mM DTT, 10 mM NaF, 1 mM Na3VO4, 0.1 mM PMSF, and 20
g/ml aprotinin/leupeptin), added to 35 l of SDS-sample buffer,
boiled for 5min, sonicated, and analyzedbySDS-PAGEandWestern
blotting. For stimulation experiments with wild-type HeLa and
HeLa.sihCNK1, cells transfected with the appropriate constructs
were starved overnight before stimulating with 10% serum for 4 hr
or 1 g/ml S1P for 1 hr (when we observedmaximal phosphorylation
of c-Jun) and harvesting as described above. For MLK-inhibition
experiments, transfected cells were incubated with 500 nM CEP-
11004 (obtained from Cephalon) for 4 hr prior to harvesting as de-
scribed above. For inhibiting MLK prior to serum or S1P stimulation,
cells were starved overnight before incubation with 500 nM CEP-
11004 for 4 hr during agonist stimulation and harvesting as de-
scribed above.
GST Pull-Downs
10 g of bacterially produced GST fusion proteins coupled to beads
were incubated with 10l of 35S-labeled, in vitro-synthesized protein
(TNT Quick Coupled Transcription/Translation System, Promega) in
200 l of binding buffer (20 mM HEPES [pH 7.5], 150 mM NaCl,
0.5% Triton X-100, 5 mM EDTA, and 1 mM PMSF) for 2 hr at 4C.
The beads were washed twice in 1 ml of binding buffer containing
0.5 M NaCl and then once in 1 ml of binding buffer. The beads
were resuspended in SDS-sample buffer and then resolved by SDS-
PAGE. The gel was stained with Coomassie blue to monitor the
levels of the GST fusion proteins, dried, and visualized with a phos-
phorimaging screen.
Figure 6. CNK1 Is Required for Agonist-Induced Jun Phosphory-
lation Luciferase Reporter Assays
Cells were transfected with different expression plasmids together(A) S1P and LPA signal through G12 and Rho to lead to c-Jun
phosphorylation. HeLa cells were transfected with myc-tagged with 0.25g of pSRE-luc and 0.01g of pRL-CMV (a plasmid encod-
ing Renilla luciferase under the control of the CMV promoter) as anN19RhoA, p115RhoGEF RGS domain, or empty vector, starved, and
then stimulatedwith FCS or S1P. Cells were then lysed and analyzed internal control. The total amount of DNA was adjusted with empty
vector. Firefly and Renilla luciferase activities were measured withfor levels of phosphorylated serine 63 c-Jun,myc-tagged expression
constructs, and tubulin. the Dual-Luciferase Reporter Assay System (Promega) according
to manufacturer’s specifications.(B) HeLa cells were treated with MLK inhibitor or vehicle control,
stimulated with FCS or S1P, lysed, and analyzed for levels of phos-
phorylated serine 63 c-Jun, myc-tagged expression constructs, and Immunofluorescence
tubulin. HeLa cells were plated onto glass coverslips, transfected as de-
(C) HeLa and HeLa.sihCNK1 cells (CNK RNAi) were transfected with scribed above, and serum starved overnight. Cells were fixed in 4%
empty vector, or with myc-tagged CNK1 rescue construct (CNK*), paraformaldehyde for 10 min at room temperature and stained for
starved, and then stimulated with FCS or S1P. Cells were then lysed the appropriate epitope tags and actin, as previously described
and analyzed for levels of phosphorylated serine 63 c-Jun, myc- [26]. Fluorescence images were recorded on a CCD camera and
tagged expression constructs, and tubulin. processed with Openlab software.
Rho-GTP Pull-Downs
Cell Culture and Transfections HeLa cells transfected with the appropriate constructs were washed
HeLa cells were maintained in DMEM supplemented with 10% FCS in cold PBS and lysed in 600 l of pull-down buffer (50 mM Tris-
and penicillin/streptomycin (100 U/ml and 100 g/ml) and incubated Hcl [pH 8.0], 150 mM NaCl, 1% NP-40, 1 mM PMSF, and protease
at 37C and 5% CO2. Transfections were performed with GeneJuice inhibitor cocktail tablet [Roche]). Cell debris was pelleted by centrif-
(Novagen) according to the manufacturer’s specifications. ugation at 14,000 rpm for 2 min at 4C. A 20 l aliquot of the lysate
was used to analyze total Rho levels, and the remainder was incu-
bated with 10 l of bacterially produced Rhotekin Rho binding do-Immunoprecipitations
Cells expressing the appropriate constructs were washed with ice- main fused to GST coupled to beads for 45 min at 4C on a rotating
wheel. The beads were washed four times in 1 ml of pull-downcold PBS and incubated at 4C in Nonidet P-40 buffer (20 mM Tris/
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